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Background
Coma can result from severe brain injury and manifests itself as a condition of unconsciousness in which a patient has the eyes closed. It usually lasts no longer than 3 weeks, after which a patient may proceed to a vegetative state/unresponsive wakefulness syndrome (VS/UWS); a state of higher brain arousal, as evidenced by periodic sustained eye opening and unpurposeful movements, but without detectable awareness [1] . A patient may then enter a minimally conscious state (MCS), in which fluctuating and incomplete awareness and arousal is present. The MCS has recently been divided into MCS-and MCS+, with patients in the latter condition showing command following, intelligible verbalization or gestural or verbal yes/no responses to spoken or written questions [2] . These conditions are collectively known as disorders of consciousness (DOC). In some rare cases, usually due to a lesion in the upper pons, a patient can recover from a coma and become locked-in [3, 4] . The locked-in syndrome occurs when a patient has recovered full consciousness, but is extremely limited in communication with the outside world due to (near-)complete body paralysis. The inability of some locked-in patients to move may lead to an incorrect diagnosis when the patients are assessed only with behavioural scales [3] .
With the advent of modern brain imaging methods, including positron emission tomography and resting state functional magnetic resonance imaging (resting state fMRI), task-free paradigms have enabled researchers to find patterns of brain activity or structure that can aid in determining whether a patient is conscious (partially (MCS) or completely (locked-in syndrome)) or not (VS/UWS) [5, 6] . With task-free neuroimaging, an examiner is not dependent on patient co-operation and a patient's possibility to exhibit body movement. In resting state fMRI, examination of intactness of the default mode network (DMN) might improve diagnosis in DOC, as it is known to be important for internally-oriented consciousness [5, [7] [8] [9] [10] [11] [12] . In recent years, interest has also increased for other brain regions associated with specific higher-order networks [13] . These include bilateral external control networks (ECN), important for external awareness [7] , and the salience network, which has been associated with mounting appropriate responses to salient stimuli [14] . The role of the thalamus in DOC has also been explored. Thalamic metabolism has been shown to be depressed in a way correlating with the level of consciousness, as detected with behavioural examinations [3, 15, 16] . Interestingly, restoration of thalamocortical connectivity has been associated with recovery of a patient in chronic VS/UWS [17] .
Although considerable progress has been made in the comprehension of functional and metabolic activity of the brain and its disturbance in DOC, much uncertainty remains about how to interpret structural brain injury [18] . Injury to the thalamus and brainstem and extensive cerebral injury are among the most frequent observations in DOC in post-mortem [19] [20] [21] [22] [23] [24] [25] [26] and MRI studies [25] [26] [27] [28] [29] [30] . Equally little is known about brain atrophy secondary to the injury causing DOC [31, 32] . This can result from herniations, diffuse cerebral swelling, secondary infarction, haemorrhage and long-term brain inactivity in general [31, 33, 34] . Another matter of interest is the difference in the pattern of structural brain injury between traumatic and non-traumatic DOC. Traumatic aetiology has been associated with more pronounced brainstem injury [30] . Furthermore, no clear structural differences have been found to distinguish MCS from VS/UWS. In one study [27] , thalamic volume was shown to be smaller on average in VS/UWS than in MCS. Global white matter injury, as seen with diffusion tensor imaging, has also been found to possibly discriminate between the patient groups [28] . Lastly, it is unknown whether an assessment of brain structure can discriminate MCS+ from MCS-in a similar way as has been shown for positron emission tomography-based assessment of brain metabolism, indicating more severe injury in the left cerebral cortex in MCS- [35] . A recent diffusion tensor imaging study has furthermore provided evidence of a role for the thalamus and posterior cingulate cortex/precuneus [29] .
The present study provides new and potentially clinically relevant insights into structural brain injury in patients with DOC. This study describes grey and white matter volume decreases of 61 patients with DOC, using voxel-based morphometry (VBM) [36, 37] , and interprets these volume decreases as structural brain injury. We examined five aspects, namely: (1) structural brain injury associated with DOC; (2) the effect of time spent in DOC on brain grey and white matter integrity; (3) aetiology-based differences in structural brain injury; (4) differences between VS/UWS and MCS; (5) differences between patients in MCS-and MCS+. Given the results from previous studies, widespread structural brain injury was expected in patients with DOC [20] [21] [22] [23] [24] 27, 38] , which might become more severe with increasing time spent in DOC [31, 34, [39] [40] [41] . Patients with DOC with a traumatic aetiology, as compared to those with a non-traumatic aetiology, might have more focal injury centred on regions that are especially susceptible to acceleration, deceleration, and rotational forces often experienced in trauma and near rough skull edges. These regions include the brainstem, thalamus, hypothalamus, cerebellum and basal forebrain [30, [42] [43] [44] . Differences between VS/UWS and MCS might be more global than focal, based on the absence of clear structural differences mentioned in the literature [28] , although thalamic injury might have especially high discriminatory power [27] . Given the found importance of the DMN and especially the posterior cingulate cortex/precuneus in previous neuroimaging studies [3, 5, 29, 45] , more injury was expected in DMN regions in patients in VS/UWS. Based on a previous metabolic study, which found the left cerebral cortex more affected in MCS-as compared to MCS+, structural integrity differences were anticipated in the left cerebral cortex, most often associated with language functions, between MCS-and MCS+ [35] .
Methods

Subjects and data acquisition
For this analysis, T1 structural magnetic resonance images acquired on a 3T scanner (Siemens AG, Munich, Germany were used; TR = 2300 ms, TE = 2.47 ms, T1-weighted 3D gradient echo images with 1 × 1 × 1.2 mm 3 voxels in the sagittal plane, flip angle = 9°, matrix size = 256 × 240 × 144 mm 3 , field of view = 256 mm) of 34 patients in VS/UWS, 62 patients in MCS, and 28 healthy control subjects. The study was approved by the Ethics Committee of the Medical School of the University of Liège. Informed consent to participate in the study was obtained from the subjects themselves in the case of healthy subjects and from the legal surrogate of the patients. Diagnosis was based on daily behavioural analysis with the Coma Recovery Scale Revised (CRS-R) during the period of a week, in which the highest CRS-R sub-and total scores were considered decisive (Table I) [46] . The CRS-R is a standardized behavioural scale that is currently considered to be the best behavioural diagnosis tool for patients with DOC available and is, therefore, used in most DOC neuroimaging studies as a behavioural diagnosis reference point [47, 48] . Of this initial group, 18 patients in VS/UWS (mean age = 40, SD = 19 years; 12 traumatic; mean time spent in DOC = 1230, SD = 1818 days) and 17 patients in MCS (mean age = 39, SD = 20 years; 7 traumatic; mean time spent in DOC = 1443, SD = 2699 days) were excluded from further analysis due to large haemorrhage effects, movement artifacts, foreign body artifacts, midline shifts, acquisition artifacts, low grey-white matter contrast or exceptionally large structural brain injury visible on the initial T1 images; as assessed by careful visual inspection of the T1 images by an expert who was blinded to the patients' diagnoses. This step, which introduced a bias into the analysis, was done in an effort to minimize the chance of severe segmentation and normalization problems occurring during the VBM procedure [29, 36, [49] [50] [51] . Visual inspection of VBM segmentation and normalization results performed to examine VBM performance did not lead to further rejection of patient data. Following the exclusions, data were used from 16 patients in VS/UWS, 45 patients in MCS and 28 control subjects (Tables I and II) .
Pre-processing
T1 structural images were automatically re-oriented before preprocessing with software from the VBM8 toolbox (http://dbm. neuro.uni-jena.de/vbm/) for SPM8 (www.fil.ion.ucl.ac.uk/spm). A warping regularization of 4 was selected, instead of the VBM8 standard 1, to mildly reduce the chance of unrealistic deformations occurring. The sampling distance was put at 1 mm, instead of the VBM8 standard of 4 mm, to increase the amount of structural data used and, thus, VBM8 accuracy (http://dbm.neuro.uni-jena.de/vbm/). Spatial normalization was performed using DARTEL [51] , to allow for high-dimensional spatial normalization to increase the chance of correct normalization in the severely injured DOC brain [52] . Furthermore, this study used a DARTEL-based method implemented in VBM8 to construct a DOC template made from T1 images of this DOC population to use in the DARTEL-based normalization procedure for the DOC and control groups [51, 53] . This template was used to minimize the chance of normalization problems occurring [18, 37] , since it minimized the degree of warping necessary for DOC brains in the normalization step, thus potentially decreasing the chance of misclassification and normalization errors occurring during the VBM process [53] . For de-noising purposes, a VBM8-incorporated spatial adaptive non-local means de-noising filter [54] and Markov random field weighting [55] , put at 0.15, were used. After segmentation, the images were modulated (the automatic multiplication of voxel values by the deformity parameters calculated during the normalization process) to compensate for the deformity that occurs in normalization, preserving the white and grey matter volumes considered in this analysis. As advised by the authors of VBM8, only non-linear images were written, which corrects for differences in total grey matter volume. After VBM preprocessing, resulting grey and white matter segments were smoothed with a 12 mm kernel. As the morphology of DOC brains is more challenging for VBM than that of controls, this larger kernel size was used rather than a more commonly employed 8 mm smoothing kernel in an effort to minimize the occurrence of possible false positive results. These could have resulted from problems in the normal distribution of error terms in the statistical model used by VBM8 to construct parametric statistical tests [50, 56, 57] . Furthermore, it helped to better minimize the influence of noise [58] and the effect of individual differences in gyral anatomy [59] . A limitation of using bigger smoothing kernels is a loss of spatial detail [56] . The smoothed images were used for a statistical analysis with SPM8.
Statistical analysis
Five main analyses were performed to examine the structural brain injury associated with DOC, brain atrophy correlating with the time spent in DOC, differences in structural brain injury between traumatic and non-traumatic aetiologies, differences between VS/UWS-and MCS-related injury and differences in structural brain injury between MCS-and MCS+. First, the whole group of patients with DOC was contrasted against healthy control subjects. These groups were matched for age.
Second, the effect of time spent in DOC on brain atrophy for a DOC group consisting of all patients in VS/UWS and MCS was assessed. These groups were matched for age. The time a patient spent in the DOC at the day of scanning was used as a covariate (the natural logarithm of the time spent in DOC in days was used; the natural logarithm was chosen, as, given known biological secondary responses to primary brain injury [33, [60] [61] [62] , the effect of time on structural brain injury was expected to be strongest in the initial weeks). The structural brain injury correlating to this covariate was examined.
Third, a direct comparison between structural brain injury in traumatic and non-traumatic patients with DOC (VS/UWS and MCS combined) was performed using a two-sample t-test. Of the initial DOC group, patients with outlier values or mixed aetiology (10 traumatic, mean age = 22 years, SD = 8 years; 13 non-traumatic, mean age = 70 years, SD = 7 years; four mixed aetiology, mean age = 24 years, SD = 5 years) were excluded from the analysis to make matching of age and time spent in DOC possible for the remaining patients. The resulting DOC group consisted of 16 traumatic (mean age = 38 years, SD = 15 years) and 18 non-traumatic patients (mean age = 45 years, SD = 12 years).
Fourth, potential differences in structural brain injury between VS/UWS and MCS were examined. For this, to remove a potential aetiology effect, only the 31 non-traumatic patients in DOC were used, and the four patients with mixed aetiology (mean age = 24 years, SD = 5 years) and 26 patients with traumatic aetiology (mean age = 32 years, SD = 15 years) were excluded, as only two patients in VS/UWS in the original dataset were traumatic. Fourteen patients in VS/UWS (mean age = 53 years, SD = 17 years) and 17 patients in MCS (mean age = 57 years, SD = 16 years), matched for age and time spent in DOC, were included in the analysis. A twosample t-test examined structural brain injury differences between VS/UWS and MCS. This study used a DMN spatial map constructed from resting state fMRI data from 20 healthy subjects (mean age = 47 years, SD = 18 years), which was comparable to the DMN as reported in literature [63] , to mask out non-DMN regions. Differences between non-traumatic patients in VS/UWS and patients in MCS that occurred in DMN regions and survived a p-value threshold of 0.01 (uncorrected) and voxel extent threshold of 30 were also examined [64] . Fifth, the full group of patients in MCS (eight in MCS-, mean age = 37 years, SD = 13 years; 37 in MCS+, mean age = 42 years, SD = 21 years) were used, matched for age and time spent in DOC, to examine the potential structural differences between patients in MCS-and those in MCS+. This study accepted results surviving a p-value threshold of 0.01 (uncorrected) and voxel extent threshold of 30, given the a priori knowledge [35] .
Results
DOC was associated with widespread grey and white matter injury (Figure 1) . Similarly, widespread atrophy was found to correlate with time spent in DOC, with a relative sparing of the right cortical hemisphere (Figure 2 ). Comparison between the traumatic and the non-traumatic patient groups showed that, in traumatic patients, more structural brain injury was found in the lower thalamus/midbrain (x = 0, y = -22, z = -2), hypothalamus (x = 0, y = -3, z = -5), basal forebrain (x = -6, y = 20, z = -5), cerebellum (x = 3, y = -52, z = -21), brainstem (x = -2, y = -39, z = -9) and posterior corpus callosum (x = 0, y = -30, z = 21) ( Figure 3 ). No differences in grey or white matter injury were found between patients in VS/UWS and patients in MCS, as seen when using a threshold of false discovery rate-corrected p = 0.05. However, using an inclusive spatial DMN mask and a more liberal threshold of p = 0.01 (uncorrected), more injury was detected in patients in VS/UWS in the ventromedial prefrontal cortex (x = 14, y = 50, z = -9) and the posterior cingulate cortex/precuneus (x = -15, y = -61, z = 18) when contrasting VS/UWS and MCS (Figure 4 ). Contrasting patients in MCS-with those in MCS+, using a liberal threshold of p = 0.01 (uncorrected), it was found that patients in MCS+ had a more preserved left cerebral cortex, including the middle temporal gyrus (multimodal posterior area, x = -68, y = -55, z = 0), superior temporal gyrus (primary auditory cortex, x = -69, y = -22, z = 9; and Wernicke's area, x = -66, y = -37, z = 16) and inferior frontal gyrus (Broca's area, x = -57, y = 24, z = 16) ( Figure 5 ). 
Discussion
Methodological considerations
VBM, based on DARTEL, is an established and widely used technique to assess differences in brain structure and has been shown to operate well in cases of relatively mild-to-severe structural brain injury [65, 66] . In many cases, structural brain injury in patients with DOC belongs to the most severe class of structural brain injury, with brains often showing great morphological changes like ventricle enlargement [65] . Therefore, to minimize the chance of false results, a smoothing kernel of 12 mm was used and a patient specific DARTEL template was employed [67] . Patients with large haemorrhage effects, movement artifacts, foreign body artifacts, midline shifts, acquisition artifacts, low greywhite matter contrast or exceptionally large structural brain injury, were also excluded. This way, data from 35 patients were discarded. This high exclusion rate introduced a bias into the examination, which was regarded as being necessary in order to obtain successful segmentation and normalization [36, 51] . The view is that further research into DOC brain morphology and VBM methods should be performed before brain scans with the above-mentioned rejection criteria could be included. Future studies might also include more patients than the present study, to make analysis of interactions between variables possible. For the analysis of the effect of time spent in DOC on brain morphology, we were limited by the dataset, since there were only MRI scans acquired during one time point. A two time point design would have been more suited to examining the atrophy correlating with time spent in DOC. Fortunately, given the large number of patients included, inferences could still be made upon this effect. However, it is important to acknowledge that the unavailability of information about the severity of the lesions of the chronic patients in the acute stage might have introduced a bias. The results from the analyses of differences between structural brain injury in VS/UWS and MCS, as well as between MCS-and MCS +, did not survive whole brain false discovery rate correction. At a threshold of p = 0.01 (uncorrected), there is a realistic chance of false positive results. It should, furthermore, be noted that, in the analysis of the effect of aetiology, in order to match age and time spent in DOC between groups, a substantial number of patients was excluded. Similarly, exclusion was necessary for the comparison between VS/UWS and MCS. This might have introduced a bias. Nonetheless, although future studies should aim to replicate these results, the findings are strengthened by previous neuroimaging studies. Finally, VBM8 was developed mainly for examination of grey matter. However, a growing number of studies have also used VBM for non-diffusion tensor imaging-based examination of white matter [52, [68] [69] [70] . Therefore, although extra restraint might be advisable in its interpretation, this study included the VBM-based white matter examinations.
Structural brain injury associated with DOC
DOC was found to be associated with widespread white and grey matter injury; consistent with findings from previous post-mortem [19] [20] [21] [22] [23] [24] and MRI studies [18, [27] [28] [29] [30] . Detectability of consciousness with behavioural examinations, such as the CRS-R [46] [47] [48] , is dependent on at least three different factors: brain arousal, internal and external awareness (perception), and the possibility to mount an appropriate response [71] . Each one of these factors can be influenced by the widespread injury that was found to be associated with DOC. The results emphasize the limits of consciousness detection using behavioural examinations and the need for complementary neuroimaging in the diagnostic process [47, 72] .
Time spent in DOC
The time spent in DOC correlated with widespread grey and white matter atrophy. Secondary structural brain injury could influence the potential for patient recovery [32] . Unfortunately, not much is known about its mechanisms and, therefore, ways to interfere with the degradative process. When brain tissue gets injured, a whole cascade of molecular processes takes place, possibly aided by long-time brain inactivity [31, 33] , leading to events such as inflammation, apoptosis and necrosis in the neighbourhood of the primary injury [24, 34, 38, [73] [74] [75] . The potential effectiveness of drugs that are currently used with the aim of improving patient recovery chances in the short-and long-term, such as Amantadine and Baclofen, is subject of continuing research [76, 77] .
An interesting aspect is the fact that the grey matter atrophy associated with time spent in DOC appeared to be mostly left lateralized. Left lateralized atrophy correlating with time spent in DOC has been previously described [78] and makes an association with severely impaired language processing tentative [78, 79] . A recent report also described left lateralized metabolic impairment as a pivotal discriminator between MCS-(i.e. patients only showing non-reflex behaviour such as visual pursuit, localization of noxious stimulation and/or contingent behaviour) and MCS+ (i.e. patients showing comprehension of language) [35] . Future research should indicate whether this left lateralized atrophy might perhaps be associated with long-term inactivity in language systems during DOC and how this could relate to detection of consciousness.
Aetiology-related injury
We found that the group of traumatic patients with DOC had more injury in the thalamus/midbrain, pons, hypothalamus, basal forebrain and cerebellum, as compared to the group of non-traumatic patients with DOC. Traumatic insults that include rapid deceleration or acceleration cause the brain to move against the skull. As the bottom of the skull has many protuberances, fierce contact might result in injury to the hypothalamus, pituitary, cerebellum and pons [19, [42] [43] [44] . Furthermore, the brainstem has less movement freedom than the higher lying parts of the brain, which results from the fact that it is connected to the base of the skull. Therefore, rotational shearing injury might occur at the upper brainstem, thalamus and corpus callosum [26, 80] . Specific vulnerability of the brainstem in patients with DOC with traumatic aetiologies has previously been found in a diffusion tensor imaging study [30] . This study did not find regions that were more injured in non-traumatic cases. However, it must be noted that such injury may be more widespread and, therefore, potentially more difficult to detect using traditional statistical methods in VBM8. Eventually, the found differences between aetiologies might lead to aetiology-specific treatment strategies.
The findings show that both traumatic and non-traumatic patients with DOC have widespread injury in white and grey matter. This is in line with previous reports of severe brain injury [81] . Traumatic brain insult can lead to injury in both grey and white matter by application of severe physical pressure on neuronal cell bodies and axons, leading to disrupted cell integrity, such as rupture and shearing. Axonal injury can lead to Wallerian degeneration and related processes [82] , while severe white matter disturbance can also include injury to non-neuronal cells that support axonal and synaptic functioning, thereby affecting axon survival [81] . Non-traumatic insults can lead to structural brain injury via disruption of metabolic needs or other vital cell mechanisms in both grey and white matter [81] .
VS/UWS vs MCS
This study did not yield structural differences between VS/UWS and MCS when correcting results for multiple comparisons. The fact that no strong differences between VS/UWS and MCS could be found in a large group of 31 non-traumatic patients, using the latest methods for examining T1 scans in a voxel-wise manner, illustrates the difficulty of differential DOC diagnosis based on structural imaging alone. This problem is emphasized when downscaling to the single subject level. It could be that conventional MRI T1 sequences cannot fully detect certain types of injury, such as more diffuse injury, that could potentially distinguish between VS/UWS and MCS. Such injury might impede whole brain information integration, while islands of cognitive processing, as reported in literature, might still function [83] . Literature on potential structural differences between VS/UWS and MCS is scarce, and the problem of finding robust differences between VS/UWS and MCS at the single subject level also exists for other neuroimaging modalities, such as resting state fMRI and positron emission tomography [3, 5, 35] .
However, at the group level and without correcting for multiple comparisons, the finding of the posterior cingulate cortex/ precuneus and ventromedial prefrontal cortex, pivotal DMN regions, as potential discriminators is in line with earlier structural, functional and metabolic neuroimaging reports. A diffusion tensor imaging-based study showed that DMN integrity might discriminate between VS/UWS and MCS [29] , while measuring metabolism and connectivity in DMN-related areas, and especially the posterior cingulate cortex/precuneus, also holds promise [3, 5, 12] . Future studies should aim to find structural, functional and metabolic biomarkers that could, preferably in a multimodal setup, improve diagnosis at the single subject level.
MCS-vs MCS+
Although differences between MCS-and MCS+ were found at a statistically liberal threshold, a priori knowledge strengthened the findings of a more severely disrupted left hemisphere of the cerebral cortex in MCS-as compared to MCS+: higher metabolic dysfunction in the left cerebral hemisphere in patients in MCS-as compared to those in MCS+ has previously been reported [35] . This could be explained by the fact that most patients were right-handed and where language-related processing was, thus, most often associated with the left cerebral cortex [79] . An understanding of language is of great importance for successfully conducting command following, intelligible verbalization and answering verbal and written questions; the behavioural discriminators between MCS-and MCS+ [35, 47] . Thus, the finding of greater injury in MCS-in Wernicke's area, Broca's area, the primary auditory cortex and the multimodal posterior area might be associated with disrupted language processing [84] [85] [86] .
Conclusions
Our results show that reduced consciousness in DOC correlates with widespread structural brain injury. Traumatic aetiology was found to be related to more severe focal injury in regions especially vulnerable to head impact-related brain movement. The results, furthermore, show the great extent of atrophy secondary to initial brain injury, with a relative sparing of the right cerebral hemisphere. No clear differences in structural brain injury were found between VS/UWS and MCS in the large patient sample, although a potential discriminator might be the posterior cingulate cortex/precuneus. In line with previous neuroimaging findings, the findings illustrate the difficulty of using only structural MRI for differentiating between VS/UWS and MCS, especially at the single subject level. Finally, a liberal threshold indicated that patients in MCS+ are likely to have a more preserved left cerebral cortex than patients in MCS-, which could be linked to the language functions most frequently attributed to this cerebral hemisphere.
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